Summary Glucosyl hesperidin (G-hesperidin) is a water-soluble derivative of hesperidin. In the present study, the short-term effects of G-hesperidin and hesperetin, a putative metabolite of G-hesperidin, in spontaneously hypertensive rats (SHR) and in normotensive WistarKyoto rats (WKY) were investigated. Single oral administration of G-hesperidin (10 to 50 mg/kg) induced a dose-dependent reduction in systolic blood pressure (SBP) in SHR, but had no effects in WKY. Intraperitoneal injection of hesperetin (50 mg/kg) into SHR also caused a significant reduction in SBP. The depressor effect was significantly inhibited by a nitric oxide synthase inhibitor, N G -nitro-L -arginine methyl ester. Moreover, hesperetin (10 Ϫ 5 M ) enhanced endothelium-dependent relaxation induced by acetylcholine, but had no effect on endothelium-independent relaxation induced by sodium nitroprusside in isolated aortas from SHR. These data suggest that the hypotensive effect of hesperetin in SHR is associated with nitric oxide-mediated vasodilation. Therefore, this effect may be involved in the mechanisms by which G-hesperidin lowers blood pressure in hypertension.
Epidemiological studies indicate that ingestion of fruits and vegetables inhibits the development of cardiovascular disease ( 1 ) . Hesperidin is a well-known flavonoid, abundant in citrus fruit peel, which exhibits various physiological activities, such as reduction in capillary fragility ( 2 ) , antioxidative effects ( 3 ), antihypertensive effects ( 4 ) , and cholesterol-lowering actions ( 5 ) . Glucosyl hesperidin (G-hesperidin) is a water-soluble derivative of hesperidin ( 6 ) . Because G-hesperidin has the same metabolic profile as hesperidin ( 7 ) , it is expected to have similar physiological activities. In fact, G-hesperidin has been reported to have an antihypertensive effect ( 8 ) and to improve lipid metabolism ( 9 , 10 ) . However, the underlying mechanisms involved in the antihypertensive effects of G-hesperidin have not been examined in detail.
Therefore, the aim of the present study was to investigate the mechanisms for the hypotensive effect of Ghesperidin in spontaneously hypertensive rats (SHR). Ghesperidin is assumed to metabolize to hesperetin in the small intestine where it is absorbed ( 7 ). Thus, the effects of hesperetin on blood pressure in SHR and on vascular reactivity in isolated aortas from SHR and normotensive Wistar-Kyoto rats (WKY) were examined.
Materials and Methods
Animals. Male SHR (SHR/Izm) and WKY (WKY/ Izm) rats were purchased from SLC, Inc. (Shizuoka, Japan). All animal experiments were approved by the Ethics Review Committee for Animal Experimentation of Kao Corporation.
Single oral administration of G-hesperidin. G-hesperidin (Lot. SP0917500, including 77% mono-glucosyl hesperidin, Toyo Sugar Refining Co. Ltd., Tokyo, Japan) was orally administered at 10, 30, and 50 mg/kg to SHR or at 50 mg/kg to WKY (16-20 wk old, n ϭ 10-12). Systolic blood pressure (SBP) and heart rate were measured 0, 3, 6, 9, 12, and 24 h after administration of G-hesperidin by the tail-cuff method using an automatic blood pressure monitoring system (BP-98A, Softron, Tokyo, Japan). Urine was collected for 12 h after a single oral administration of G-hesperidin (50 mg/kg) or physiologic saline (control group) in metabolic cages ( n ϭ 8). Urinary sodium concentration was measured by Mitsubishi Chemical Medience Corp. (Tokyo, Japan).
Hypotensive effects of hesperetin in SHR. Hesperetin (Sigma, St. Louis, MO) was suspended in 0.5% methylcellulose and intraperitoneally injected into SHR at 50 mg/kg. SBP was measured 1 h after hesperetin administration. Enalapril, an angiotensin-converting enzyme (ACE) inhibitor, was orally administered at a dose of 20 mg/kg 4 h before administration of hesperetin. Nicardipine, a calcium channel blocker, or prazosin, an adrenergic ␣ receptor antagonist, were orally administered with hesperetin at doses of 5 and 1 mg/ kg, respectively. N G -Nitro-L -arginine methyl ester L-NAME, a NOS inhibitor) was subcutaneously injected (3 mg/kg) into the neck 1 h before hesperetin administration. The control group received an intraperitoneal injection of 0.5% methylcellulose ( n ϭ 6-8).
Vascular reactivity studies. The vascular reactivity experiments were performed as described previously ( 11 ) . The thoracic aorta rings from SHR or WKY were incubated with or without hesperetin at 10 Ϫ 5 M for 20 min and then the vascular reactivity was measured after contraction by submaximal concentrations of phenylephrine (10 Ϫ 6 M ). Endothelium-dependent and -independent relaxations were evaluated by concentrationresponse curves to acetylcholine (ACh, 10 Ϫ 9 to 10 Ϫ 5 M ) and to sodium nitroprusside (SNP, 10 Ϫ 10 to 10 Ϫ 5 M ), respectively. Relaxation was calculated as the percentage of precontractile vascular tone.
Statistical analysis. All data are presented as the means Ϯ SE. The significant differences were analyzed by the Dunnett test (Fig. 1) or Tukey-Kramer test (Table  1) for a post-hoc analysis using StatView TM (SAS Institute, Cary, North Carolina, USA). Comparisons of doseresponse curves were evaluated by 2-way ANOVA for repeated measures.
Results and Discussion
Changes in SBP after oral administration of G-hesperidin in SHR are shown in Fig. 1A . The initial SBP values were 204.8 Ϯ 2.1 mmHg in the control group, and 210.3 Ϯ 2.5, 201.8 Ϯ 2.3 and 208.8 Ϯ 1.9 mmHg in the 10, 30, and 50 mg/kg G-hesperidin groups, respectively. There were no significant changes in SBP in the control group throughout the experimental period. Ghesperidin decreased SBP in a dose-dependent manner; the changes in SBP 12 h after administration were Ϫ 6.2 Ϯ 1.2, Ϫ 7.9 Ϯ 1.6, and Ϫ 8.6 Ϯ 1.2% in the 10, 30, and 50 mg/kg G-hesperidin groups, respectively. In WKY, the initial SBP values were 130.1 Ϯ 1.4 mmHg in the control group and 131.1 Ϯ 0.7 mmHg in the 50 mg/ kg G-hesperidin group. G-hesperidin did not affect SBP in WKY throughout the experimental period (Fig. 1B) . Heart rates were not affected by G-hesperidin administration throughout the experimental period in either SHR or WKY (data not shown).
In a previous study, continuous ingestion of hesperidin at a higher dose (2 wk, 200 mg/kg) showed a diuresis effect in SHR ( 4 ). The urine volumes collected during the 12 h after G-hesperidin administration were 7.36 Ϯ 0.54 and 7.73 Ϯ 0.54 mL in the control and Ghesperidin group, respectively. The urinary sodium concentrations were 83.5 Ϯ 8.2 and 81.6 Ϯ 7.0 mEq/L in the control and G-hesperidin group, respectively. These data indicate that short-term administration of G-hesperidin did not affect diuresis in SHR.
It was assumed that orally ingested G-hesperidin undergoes the same metabolic process as hesperidin. Hesperidin is hydrolyzed to hesperetin and absorbed in the small intestine. In the present study, a significant hypotensive effect was observed 9 and 12 h after administration of G-hesperidin. The major metabolite of G-hesperidin, a glucuronide conjugate of hesperetin, peaks in serum 6 h after administration and remains elevated until 12 h after administration ( 7 ). This result suggests that hesperetin metabolites may be responsible for the hypotensive effects of G-hesperidin. Therefore, the hypotensive responses to hesperetin alone and in combination with various inhibitors or blockers that affect blood pressure were examined (Table 1 ). In WKY, intraperitoneal injection of hesperetin did not affect SBP (data not shown). In SHR, hesperetin showed a significant hypotensive effect (decreased by Ϫ 12.3%). When either enalapril, nicardipine, or prazosin was administered alone, SBP decreased significantly. The reduction in blood pressure was enhanced when these drugs were combined with hesperetin. In contrast, there was no change in SBP after subcutaneous injection of L-NAME alone. The hypotensive effect of hesperetin in the presence of L-NAME was significantly inhibited (decreased by Ϫ 5.8%) compared to that of hesperetin alone. This result suggests that the hypotensive effect of hesperetin might be mediated by, at least in part, the vascular NOS pathway.
To test this hypothesis, the effects of hesperetin (10 Ϫ 5 M ) on ACh-induced endothelium-dependent relaxation and SNP-induced endothelium-independent relaxation were investigated in isolated SHR and WKY aortas. In SHR aortas, hesperetin produced a significant increase in ACh-induced endothelium-dependent relaxation, but had no effect on endothelium-independent relaxation induced by SNP (Fig. 2A) . In rat conduit arteries like the aorta, endothelium-dependent vasodilation in response to ACh was almost completely inhibited by L-NAME (NOS inhibitor), indicating that the reaction relies almost entirely on the endothelial release of NO ( 12 ) . Endothelium-independent vasodilation induced by SNP was unaffected by hesperetin, indicating that increase in endothelium-dependent relaxation following hesperetin treatment is due to changes in endothelium-derived NO bioavailability. In contrast, in WKY aortas, no significant effects of hesperetin were observed in endothelium-dependent or -independent relaxation (Fig. 2B ). Many investigators have recently reported that SHR arteries have increased superoxide anion production and inactivation of NO in vascular endothelial cells compared to WKY ( 13 , 14 ) . Hesperetin has been reported to show antioxidant activity ( 15 , 16 ) . This effect might contribute to improved NO bioavailability in endothelial cells in SHR. Several ex vivo studies have reported that hesperetin directly dilated the aorta in an endothelium-independent manner ( 17 , 18 ). Our preliminary study confirmed endothelium-independent relaxation in response to hesperetin at high concentration (ex. 10 Ϫ 4 M ). In the present study, we tested hesperetin at 10 Ϫ 5 M , which is close to the concentration observed after ingestion of G-hesperidin ( 7), allowing for examination of the effect of hesperetin on endothelial cells.
In summary, the hypotensive effect of hesperetin is associated with enhanced NO-mediated vasodilation. Therefore, the results of the present study provide novel evidence to identify the mechanisms by which G-hesperidin lowers blood pressure in hypertension.
